The peripheral vestibular system is faced by a sensory ambiguity, where primary otolith afferents respond identically to translational (inertial) accelerations and changes in head orientation relative to gravity. Under certain conditions, this sensory ambiguity can be resolved using extra-otolith cues, including semicircular canal signals. Here we review and summarize how neurons in the vestibular nuclei, rostral fastigial nuclei, cerebellar nodulus/uvula, and thalamus respond during combinations of tilt and translation. We focus primarily on cerebellar cortex responses, as nodulus/uvula Purkinje cells reliably encode translation rather than net gravito-inertial acceleration. In contrast, neurons in the vestibular and rostral fastigial nuclei, as well as the ventral lateral and ventral posterior nuclei of the thalamus represent a continuum, with some encoding translation and some net gravito-inertial acceleration. This review also outlines how Purkinje cells use semicircular canal signals to solve the ambiguity problem and how this solution fails at low frequencies. We conclude by attempting to bridge the gap between the proposed roles of nodulus/uvula in tilt/translation discrimination and velocity storage.
Introduction
Like other sensory systems, the peripheral otolith sensors face a serious ambiguity: primary otolith afferents respond identically to an inertial motion stimulus (e.g., during lateral or forward translation) and a change in head orientation relative to gravity (e.g., roll or pitch tilt). [1] [2] [3] At least under certain conditions (see below), this ambiguity can be resolved in the brain using extra-otolith signals that arise from either the semicircular canals 4, 5 or the visual system. 6, 7 Computational models have been proposed to explain how an angular position estimate arising from the semicircular canals can be used to estimate head orientation relative to gravity. The latter can then be subtracted from net gravito-inertial acceleration, the signal coded by primary otolith afferents, to extract translational motion information. 4, [8] [9] [10] [11] [12] [13] [14] [15] [16] Here we summarize how different subcortical areas might relate to this sensory ambiguity and its resolution.
Primary vestibular afferents project primarily to the vestibular nuclei and the cerebellar nodulus (vermal lobule X) and ventral uvula (vermal lobules IXc,d; collectively referred to here as NU). [17] [18] [19] [20] [21] [22] What is the role of the NU in vestibular processing? Lesions of the NU primarily affect velocity-storage properties: NU lesions change the time constant of the vestibulo-ocular reflex (VOR) and destroy the ability of velocity storage to align with gravity and to generate a bias velocity during offvertical axis rotations. [23] [24] [25] [26] [27] Similarly, electrical stimulation of the nodulus shortens the VOR time constant, whereas electrical stimulation of the uvula induces nystagmus without changing the VOR time constant. 28 Yet, since the functional significance of velocity storage remains obscure, these lesion/stimulation experiments do not by themselves shed light on the functional role of the NU for everyday spatial orientation.
Here we summarize the response properties of simple spike responses from NU Purkinje cells. 29, 30 We compare these properties with those in the vestibular nuclei (VN), rostral fastigial nuclei (FN), and thalamus (TH). 1, [31] [32] [33] [34] We show that, among these areas, only the NU exhibits population responses with all neurons selectively responding to inertial motion (translation), while ignoring head re-orientations relative to gravity. 29 In contrast, VN, FN, and TH neurons represent a mixed continuum, with some cells selectively encoding translation and some net gravito-inertial acceleration. 1, 31, 33, 34 We also outline how this tilt/translation ambiguity is solved by examining the characteristics of the canal signal used by Purkinje cells to cancel gravitational responses; such canal signals must be and indeed are spatially transformed and temporally integrated such that they encode head attitude relative to gravity. 1, 31, 33 However, this ability of NU neurons to segregate translation from tilt is only limited to frequencies above 0.1 Hz; at lower frequencies, the otolith/canal matching necessary to cancel gravitational responses is no longer accurate, thus resulting in perceptual misinterpretation of all linear accelerations as tilt. [35] [36] [37] We conclude by explaining how velocity storage can be identified as the temporal integrator needed to integrate spatially transformed canal signals into head altitude (orientation) in space.
Responses of NU Purkinje Cells during Combinations of Tilt and Translation
Whether single neurons respond selectively to translation or net gravito-inertial acceleration can be evaluated using a four-component experimental protocol consisting of combinations of 0.5 Hz sinusoidal tilt and translation stimuli. 1, 4 What is critical in these stimuli is that the peak amplitude of the sinusoidal tilt is adjusted to produce a 0.5 Hz horizontal plane gravitational acceleration component that is the same (0.2 G) as that during translation. The tilt and translation motions are then delivered either in isolation (Fig. 1A, B) or together (Fig. 1C, D) . The relative phase of the two sinusoidal movements for combination stimuli can differ. Whenever a head tilt to the right occurs simultaneously with translation to the left, gravitational and inertial accelerations are oppositely directed and, since they are appropriately matched in amplitude, cancel out, and neither component is transduced to the brain ( Fig. 1C ; Tilt -Translation). In contrast, whenever a head tilt to the right occurs simultaneously with translation to the right, the two accelerations sum, resulting in net linear acceleration that is double that for each movement alone ( Fig. 1D ; "Tilt + Translation"). These responses have been quantified using a partial correlation analysis in which the responses of each cell to all four stimuli (Translation, Tilt, Tilt -Translation, and Tilt + Translation) are simultaneously fitted with "afferent-like" and "translation-coding" models. 1, 31 When the variances of these partial correlation coefficients are normalized (using Fisher's r-to-z transform), comparison between the two models can be simple and visually convenient: data points falling on the upper-left quadrant (defined by the dashed lines corresponding to the 0.01 level of significance) illustrate cells that were significantly better fit with the translation-coding model. In contrast, data points falling on the lower-right quadrant correspond to cells that were significantly better fit with the afferent-like model. Indeed, data from a few otolith afferents fall, as expected, in the lower-right quadrant ( Fig. 2A , open triangles; data from Angelaki et al. 1 ). In contrast, data from all NU Purkinje cells fell in the upperleft quadrant ( Fig. 2A , black circles; data from Yakusheva et al. 29 ). Clearly, as shown with a representative example in Figure 1 , NU Purkinje cells are significantly better fit with the translation-coding as compared with the afferent-like model. To verify that the ability to discriminate transla- 34 , c Journal of Neuroscience). The superimposed dashed lines divide the plots into three regions: an upper/left area corresponding to cell responses that were significantly better fit (P < 0.01) by the translation-coding model; a lower/right area that includes neurons that were significantly better fit by the afferent-like model; and an in-between area that would include cells that were not significantly better fit by either model. Data shown for the cell's best-responding translation direction.
tion from tilt depends on signals arising from the semicircular canals, this experiment was repeated after all six semicircular canals were inactivated by plugging the canal lumen. 29, 33 After canal plugging, NU Purkinje cell data fell in the lower-right quadrant (illustrating significantly better fit with the afferent-like model; Fig. 2A [40] [41] [42] From there areas vestibular information can be relayed to the oculomotor nuclei, the spinal cord, and the thalamus. The fact that semicircular canal signals are critical for the ability of central neurons and behavior to solve the tilt/translation ambiguity problem has now been verified by numerous behavioral and neurophysiological studies. Merfeld and colleagues 5, 43, 44 showed the contribution of canal cues in generating a neural estimate of translation by exploring "erroneous" behavioral responses (eye movements and perception) at low frequencies. Parallel studies by Angelaki and colleagues 4, 8 showed that there is an extra-otolith contribution to the compensatory eye movements during mid-to-high translation (>0.1 Hz).
But how is this ambiguity resolved? Specifically, how is semicircular canal information used to create a central estimate of gravity, which can then be subtracted from net gravitoinertial acceleration? Mathematical considerations of this computational problem have proposed that, for canal signals to be useful for this purpose, they must be processed relative to canal afferent information in two important aspects. 29, 31, 45 First, they should contribute to the resolution of this ambiguity only during earth-horizontal, but not during earth-vertical axis rotation (otherwise any head rotation, e.g., yaw from upright, would be interpreted as a change in head orientation relative to gravity). Second, they should also be temporally integrated, thus reflecting a tilt position (i.e., head attitude), rather than an angular velocity, signal. The properties of the canal-driven component can be isolated during the Tilt -Translation stimulus (Fig. 1C) , as it is only during this motion that the dynamic acceleration stimulus to the otolith receptors is zero and any modulation arises exclusively from the semicircular canal signals. Indeed, using Tilt -Translation responses, both of these predictions were verified by examining the properties of the canaldriven component in NU Purkinje cells. 29 The fact that the signal canceling gravitational responses arise from temporal integration of angular velocity from the semicircular canals has also been previously shown based on reflexive eye movements. 8 It is important to appreciate that NU Purkinje cells only modulate during canal activation that involves rotations that change head orientation relative to gravity; such as during pitch and roll in upright orientation, but not during pitch or roll in ear-down, supine orientation. 29 Thus, Purkinje cells selectively encode only the earth-horizontal rotational component, ω EH (in contrast to canal afferents, which encode the total angular velocity, ω = ω EH + ω EV ; that is, both earth-horizontal and earth-vertical axis rotations). In addition, this canal-driven, spatially transformed signal has been temporally integrated, thus coding head position relative to gravity ( ω EH ), rather than rotational velocity as do semicircular canal afferents. 1, 46 This transformation ensures that: (1) a canal-driven gravitational estimate is only created during rotations that change head orientation relative to gravity, and (2) this estimate is a head-orientation signal, that is, a signal that is temporally appropriate to cancel gravitational acceleration. (Remember that, during small tilts relative to gravity, the horizontal gravitational acceleration stimulus activating otolith afferents is proportional to tilt angle.) Such canaldriven estimate of head attitude could then be subtracted from net linear acceleration provided by the otoliths and used to estimate inertial motion during navigation. Importantly, for this subtraction to work, the canal-driven signal unmasked with the Tilt -Translation stimulus is both temporally and spatially matched on a cell-by-cell basis with the cell's response during translation (Fig. 3A-C) . 29 Notice that this matching is remarkable, given the large cell-to-cell variability of translation response gain, phase, and preferred direction in central vestibular neurons. 29, 30, 32, [47] [48] [49] [50] This "matched" convergence is a necessary condition for a computational solution to the tilt/translation ambiguity problem.
Failure to Cancel Otolith-Driven Gravitational Responses at Low Frequencies
Notably, the tilt/translation ambiguity is not always correctly resolved; low-frequency linear accelerations in the absence of other, extravestibular cues are incorrectly interpreted as tilt even when generated by translational motion. This is because the semicircular canals do not provide a veridical estimate of angular velocity at low frequencies (<≈0.1 Hz) or when the head is statically tilted. Thus, the ability to discriminate between tilt and translation based solely on vestibular cues (e.g., during passive motion in darkness) deteriorates at low frequencies. 9, 10, 16, 51, 52 In fact, it is typically at these low frequencies that perceptual illusions occur ("somatogravic/oculogravic illusion"). [35] [36] [37] It is also during these low frequencies that extravestibular information (e.g., visual signals) is necessary to avoid these illusions. For example, visual cues can significantly influence our percept of head orientation relative to gravity . 53, 54 In addition, visual rotational cues contribute to estimation of inertial motion in an apparently similar fashion to canal-derived sensory signals. 6, 7 How NU Purkinje cells respond during lowfrequency tilt has been recently investigated in macaques. 30 Similar to previous observations in anesthetized rabbits 55, 56 and unlike the small response modulation during 0.5 Hz roll and pitch tilt (see Fig. 1B and Ref. 29) , tilt modulation amplitude of NU Purkinje cells increases with decreasing frequency. 30 Thus, as predicted, semicircular canal signals are no longer appropriate to cancel gravitational acceleration at low frequencies. The departure from ideal spatio-temoral matching is illustrated in Figure  3D , which plots the ratio of Tilt -Translation (canal-driven response) gain versus Translation (otolith-driven response) gain, and Figure 3E , which plots the corresponding phase difference. Ideal matching requires the ratio to be 1 and the phase difference to be 0 (dashed lines in Fig. 3D, E) . However, because the dynamics of the otolith-driven and canal-driven response components are not temporally matched across all frequencies, both of these measures (ratio of Tilt -Translation versus Translation gain and corresponding phase difference) are significantly dependent on frequency. 30 At 0.16 Hz, for example, canal-driven responses are smaller than otolith-driven responses (ratio less than 1, Fig. 3D ) and lead by ∼54
• (Fig. 3E) . Thus, simple spike responses from NU Purkinje cells might represent the neural substrate for both the resolution of the tilt/translation ambiguity problem and its failure at low frequencies.
Relationship of the Tilt/Translation
Integrator and Velocity Storage
As summarized in the Introduction, both lesion and electrical stimulation studies have coupled the cerebellar nodulus and ventral uvula with velocity storage. [25] [26] [27] [28] However, there is absolutely no modulation of simple spike NU Purkinje cell during yaw rotations. 29, 30, [56] [57] [58] [59] At first glance, this complete lack of yaw modulation might thus appear at odds with the fact that NU lesions result in dramatic changes in the horizontal angular VOR (AVOR) time constant (velocity storage) during constant velocity rotations and destroy the capacity of velocity storage to align with gravity when subjects are suddenly tilted post-rotation. 23, 25 This seemingly bizarre finding can be easily understood if one considers two important findings. First, NU Purkinje cells only encode the earth-horizontal component of angular velocity, ω EH (see sections above). Second, NU Purkinje cells inhibit VOR pathways, through projections to NU-target neurons in the VN (Fig. 4) . As a result, whenever an earthhorizontal rotation signal (ω EH , encoded by the output of the NU) is subtracted from the net canal activation, what remains is the earthvertical component of angular velocity (ω EV = ω − ω EH ). Importantly, as Purkinje cells only modulate during low-frequency tilt, NU-target neurons in the VN (and thus AVOR pathways) should code for ω (the total canal activation) at high frequencies and ω EV at low frequencies. Indeed, only the low-frequency components of the AVOR have ω EV -like properties. 60 Importantly, because the canal-driven responses in the NU are temporally integrated, AVOR (and likely NU-target neurons in the VN) encode earth-vertical canal signals with a longer time constant than canal afferents. 30 Indeed, many VN neurons exhibit longer time constants, attributed to velocity storage. 61 Taken together, in agreement with experimental findings, this framework predicts that NU lesions would destroy the computation of both ω EH and ω EV . Moreover, as this computation involves a temporal integration, NU lesions should also alter the low-frequency dynamics of the AVOR.
Such hypothesized link between the tilt/translation integrator and velocity storage, pioneered by Green and Angelaki, 8, 45 gives a different functional meaning to velocity storage than previously assumed. The Green and Angelaki hypothesis suggests that the functional role of the velocity storage integrator is to temporally integrate canal-borne angular velocity signals, ω EH . Thus, typical of a true integrator of velocity, its function is to generate a dynamic estimate of head orientation relative to gravity, whereas the lengthening of the AVOR time constant might be simply an indirect inlfuence. 8, 45 Such proposed coupling between tilt/translation discrimination for the translational VOR (TVOR) and velocity storage for the AVOR is supported by parallel TVOR/AVOR differences between humans and monkeys. In particular, the Green and Angelaki hypothesis predicts that the more the TVOR compensates for translational (as opposed to net gravito-inertial) acceleration, the larger the contribution of this network to eye movements, and thus the stronger the gravitydependent properties of velocity storage in the AVOR. Indeed, not only does monkey TVOR discriminate translation from tilt, 4 , but monkey velocity storage has a strong dependence on gravity. 24, [62] [63] [64] In contrast, human TVOR is not directly proportional to translation, 9, 10 and human responses show little or no shift in the axis of rotation after postrotatory tilt. 44, 65 
